Abstract-The phase and elemental composition and microhardness of instrumental steel U9 with zirconium and silicon coatings subjected to compression plasma flows and air thermal annealing are investigated. It is found that plasma impact leads to the formation of a surface layer with the thickness of up to ~8.5 μm alloyed with zirconium and silicon atoms and containing Fe 2 Zr intermetallic. Formation on the surface of the oxide γ-ZrO 2 and carbonitride Zr(C, N) as a result of interaction with the residual atmosphere of the vacuum chamber is found. Change in the phase composition and dispersion of the structure leads to a twofold increase in microhardness. The alloyed layer retains the stability of the structure and phase composition (excluding polymorphic transition in ZrO 2 ) up to 400°C. Annealing at 600°C leads to the internal oxidation accompanied by formation of a surface iron oxide scale and penetration of the oxygen atoms to the whole depth. The increase in the annealing temperature leads to the decrease in microhardness throughout the alloyed layer.
INTRODUCTION
In recent decades, the concentrated flows of energy have been actively used for modification of the surface layers of metal and semiconducting materials. For this purpose, the high-current electron beams, continuous and pulsed laser beams, and high-temperature pulsed plasma flows are applied [1] [2] [3] [4] [5] [6] . Results of investigations [2, [4] [5] [6] showed that the high-energy treatment of materials leads to a significant change in microstructure (including its dispersion) and phase composition (formation of metastable phases, etc.) of modified layers as a result of the nonequilibrium processes at high cooling rates (10 5 -10 7 K/s). The noted effects in the surface layers lead in some cases to the improvement of different service characteristics.
One of the concepts of modification of the surface layer is the liquid-phase alloying made by pre-deposition of the film or coating of one or several alloying elements on the surface of the material and the further treatment by the high-energy particle flow. The highenergy impact allowing the melting of the coating and substrate material leads to the liquid-phase mixing in the liquid alloy owing to convective mass transfer and further crystallization under superfast cooling [7] . Such an approach allows the tailor-made synthesis of compounds containing the alloying elements introduced to the surface layer.
However, the formed metastable structures may be ineffective under high-temperature functioning of the material. Moreover, the ultrarapid quenching from melt leads to the decrease in grain size and therefore to the increase in the area of grain boundaries and growth of the intensity of the grain boundary diffusion. This effect may both increase and decrease the corrosion stability of the material [8] . Thus, for example, the alloys Fe-9% Cr with nanocrystal structure possess higher résistance to atmospheric corrosion in the air at 840°C as compared with the alloys with microcrystal
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structure [8] . The same effect is observed for the nanocrystal alloys FeBSi [9] . The assumption that the positive effect of the corrosive resistance growth with the decrease in the grain size is due to the growth in intensity of the intergrain boundary diffusion of the alloy components forming protective oxide alloys such as Cr, Si, and Al was made in [8] . Thus, the study of the corrosion resistance and thermal stability of the structure and properties of the surface layer modified by the high-energy beams of particles is the relevant objective.
Selection of the alloying elements is dictated by the following reasons. According to the equilibrium diagram of Fe-Z [9] , zirconium possesses a low solubility limit in α-Fe (0.2 at % at 925°С) and forms the intermetallic Fe 2 Zr; its melting temperature is 1675°С. That is why the alloying with zirconium atoms with the concentration exceeding the saturation limit should result in the intermetallic strengthening of the alloyed layer, and the relatively high melting temperature of the intermetallic should provide resistance of the intermetallic precipitations to coagulation at increased temperatures; i.e., it should provide stability of the structure and mechanical properties. For example, the alloy Fe-4% Zr (grain size in the alloy is 52 nm) possesses the thermal stability to 913°С [11] . Silicon atoms exert a positive influence on stability to oxidation of steels owing to the formation of a SiO 2 film decelerating diffusion of the oxygen atoms to the volume [12] .
In addition, zirconium silicides possess high resistance to oxidation and high corrosion resistance to acid media and they are a nonconventional material for nuclear energy [13, 14] .
The aim of this work is the investigation of the thermal stability of the structure, corrosion resistance, and microhardness of the surface layer of instrumental steel U9 alloyed with zirconium and silicon atoms under compression plasma flows.
OBJECT AND METHODS OF RESEARCH Samples of instrumental steel U9 (concentration of the alloying elements, wt %: 0.9 C, 0.25 Cu, 0.25 Ni, 0.2 Si, 0.2 Mn, 0.2 Cr) were selected as the objects of research. A zirconium coating of about 2 μm in thickness is applied on the samples by the method of vacuum cathodic arc ion plating, and then a silicon coating of about 1 μm in thickness is applied by the magnetron sputtering method.
Treatment by one pulse of the compression plasma flow (CPF) was carried out in a gas-discharge magnetoplasma compressor of compact geometry [7] . The duration of the charge was about 100 μs. The prepumped vacuum chamber was filled with nitrogen to 400 Pa before the charge. The density of the energy absorbed by the surface, according to calorimetric measurements, was 15 J/cm 2 . Annealing of the samples was performed in the air at 200, 400, and 600°С. The holding time at each temperature was 1 h.
The microstructure of the sample sections was analyzed by the method of scanning electron microscopy (SEM) with a LEO1455VP microscope. Sections were etched in a solution of 95% C 2 H 2 OH + 5% HNO 2 . The elemental composition was determined by the method of energy dispersive microanalysis with the help of an Oxford Instruments detector connected to the scanning electron microscope. The phase composition was analyzed by X-ray diffraction analysis with the help of a RIGAKU ULTIMA IV diffractometer in the CuK α radiation. The Vickers microhardness of samples was measured with the help of a Wilson Instruments 402MVD tester under loads of 0.5-2 N.
RESULTS AND DISCUSSION
Impact of the compression plasma flows on the Si/Zr/steel system leads to the formation of the alloyed surface layer up to 8.5 μm thick (Fig. 1) . The nonuniform distribution of the alloying elementszirconium and silicon-was observed in the alloyed layer, which is explained by the relatively small lifetime of the liquid alloy. The wavy character of the distribution of the alloying elements, which may be traced by the element contrast in Fig. 1b (light-toned areas are saturated by zirconium), indicates the main mechanism of the mass transfer-formation of convective flows in the liquid alloy as a result of hydrodynamic instabilities at the plasma-liquid alloy boundary such as the Kelvin-Helmholtz instability [15] . Convective flows appearing during one CPF pulse are not able to provide complete mixing within this time, but it may be achieved with the increase in the number of pulses or energy absorbed by the surface layer [7] . According to the data of energy dispersive microanalysis, the concentration of the alloying elements in the surface layer about 1 μm thick is as follows: 25 at % for zirconium and 3.5 at % for silicon (analysis was performed on the surface of the sample with the minimum magnification over the entire area of the sample for the average result). As is seen, the concentration of silicon in the alloyed layer is significantly less as compared with the zirconium concentration, which may be explained by the erosion of the silicon coating during plasma impact [16] . Precipitates (presumably zirconium intermetallics) with size of 0.1-0.2 μm are observed in the zirconium-saturated regions. Figure 2 shows the SEM images of the structure of samples treated by CPF and annealed at different temperatures as well as the distribution of the elements by the depth of the cross section. As is seen from Fig. 2 , the areas containing an increased concentration of oxygen are observed on the surface of the alloyed layer at both 200 and 400°С. The thickness of these areas is 1-2 μm. However, we cannot state definitely that the presence of the oxygen is connected with the diffusion mass transfer of the oxygen atoms in the process of annealing. The areas on the surface adjoin the oxygenate resin, which may be transferred to the samples during preparation of the polished specimen.
In addition, the increased concentration of oxygen at the depth significantly exceeding the diffusion distance under the given conditions is observed in the samples annealed at 200 and 400°С. The reason for such distribution is etching of the polished specimen. In both the alloyed and unalloyed volume, a significant oxygen content was found on the surface of the etched specimen during energy dispersive microanalysis. On the unetched areas of the specimen, oxygen was not found in the alloyed volume.
A layer of iron oxide about 3 μm thick is formed on the surface of the sample at 600°С. On the basis of the ratio of the oxygen and iron concentration, it may be assumed that this layer contains Fe 2 O 3 or Fe 3 O 4 . A zirconium-containing alloy 7 μm thick is under the oxide; it is about as thick as the alloyed layer. This layer contains oxygen. The total thickness of the oxygencontaining layer is 10 μm. In the layer enriched in zirconium, as in the sample before annealing, we find some precipitations containing zirconium (Fig. 2e) . Their size is still within the range of 0.1-0.2 μm.
Studies of the morphology of the cross section and elemental composition of the steel sample subjected to annealing in the air under the same conditions were carried out for comparison (Fig. 3) . Formation of the oxide layer was detected at 400°С. The thickness of the oxide layer (Fe 2 O 3 or Fe 3 O 4 ) reaches ~1.5 μm (Figs. 3a  and 3b ). The increase in the annealing temperature to 600°С leads to the increase in the oxide layer tõ 3 μm, which is comparable with the thickness of the layer containing oxygen on the surface of the alloyed sample. However, in this case, the penetration depth of the oxygen atoms corresponds to the thickness of the scale layer. Figure 4 shows the results of the phase analysis of the sample treated by CPF before and after annealing. As is seen from the figure, the diffraction lines of Zr, intermetallic Fe 2 Zr, α-Fe, γ-Fe, high-temperature modification of zirconium oxide γ-ZrO 3 (with the FCC lattice), and carbonitride Zr(С, N) are observed on the diffraction pattern after the CPF impact. Diffraction lines of the latter are displaced to the regions of the smaller angles as compared with the lines of the reference ZrN; this allows assuming the formation of the solid substitutional solution on the basis of the FCC lattice of ZrN where the carbon atoms displace the nitrogen atoms. The presence of carbon in the nitride lattice may be explained by its high concentration in the initial sample of steel. Formation of oxide and carbonitride takes place in the thin surface layer as a result of the interaction of the atoms of the surface of the sample with the atoms (molecules) of the residual atmosphere of the vacuum chamber [17] . The thickness of such a layer, which may be the diffusion barrier during oxidation, is a few tens of nanometers [7] . The presence of the lines of Zr on the diffraction pattern proves the inhomogeneous mixing in the surface layer after one CPF pulse. The presence of the metastable phases such as γ-Fe and γ-ZrO 2 may be connected with their stabilization at room temperature with different impurities. For example, in [17] , it is shown that stabilization of austenite in steel after the CPF impact generated in a nitrogen atmosphere is connected with the nitrogen expanding the γ region on the state diagram of Fe-N.
As is seen from Fig. 4 , the change in the phase composition during annealing takes place at a temperature exceeding 200°С. For example, at 400°C, the diffraction line corresponding to the low-temperature modification ZrO 2 with the monoclinic crystal lattice appears. This effect is accompanied by the decrease in intensity of the diffraction lines of Zr(С, N) and ZrO 2 with the cubic crystal lattice. Diffraction lines of the iron oxide are not observed, which proves the assumption about the reason for oxygen on polished specimens subjected to annealing at 200 and 400°С (Figs. 2b and 2d ) connected with the etching of the sample. In the case of annealing at 600°С, the surface layer of the sample oxidizes fully, which corresponds (Figs. 3a and 3b) , which is confirmed by X-ray diffraction analysis (Fig. 4) . [18] .
The data show that the layer alloyed with zirconium and silicon atoms keeps the stability of the structure and phase composition (excluding polymorphic transformation into ZrO 2 ) to 400°С. Significant oxidation of the surface accompanied by the formation of a surface layer of iron scale and penetration of oxygen atoms to the full depth of the alloyed layer is observed during annealing to 600°С, which may be illustrative of the internal oxidation. The main conditions required for the process of the internal oxidation in alloys are given in [18] :
-The standard free energy of oxide formation of the dissolved metal (ΔG Θ ) should be more negative as compared with the standard free energy of oxide formation of the base metal.
-The base metal should be characterized by the oxygen solubility and diffusion coefficient of the oxy- gen sufficient for the oxygen activity at the reaction front.
-The concentration of the diluted element in the alloy should be less than the critical value required for the transition from internal oxidation to external oxidation.
-Surface layers preventing diffusion ofoxygen in the alloy at the beginning of oxidation are absent.
The first condition for alloys with zirconium is satisfied: ΔG Θ (ZrO 2 ) = -1042.82 kJ/mol [19] , ΔG Θ (SiO 2 ) = -856.669 kJ/mol [20] , ΔG Θ (Fe 2 O 3 ) = -740.337 kJ/mol [21] , ΔG Θ (Fe 3 O 4 ) = -1014.163 kJ/mol [22] (for 20°С). However, it is required to mention that, for the alloys Fe-Si, internal oxidation is not observed [18] . The second condition should be also satisfied in steel [18] . In addition, an increase in the area of the intergranular boundaries should increase the diffusion mobility of oxygen. As for the third condition, according to the data, it is not easy to determine what zirconium concentration pertains to critical, because part of zirconium is bonded to intermetallic Fe 2 Zr; undissolved zirconium inclusions are also found in the alloyed layer. The fourth condition should be met before 400°С. A thin layer consisting of oxide and carbonitride zirconium is found on the surface of the alloyed layer. However, polymorphic transformation takes place at 400°С, which may be accompanied by film cracks because of structural stresses appearing at lattice transformation, disturbing the film uniformity and leading to the loss of the protective properties. As a result, the oxygen penetration into the depth of the alloyed layer is observed. The counter diffusion flow of iron atoms from the alloyed layer provides the formation of the scale layer containing iron oxide on the surface of the sample. Such a mechanism makes it possible to explain the distribution of the elements shown in Fig. 2f Alloying of the surface layer under CPF leads to the increase in the microhardness of the surface layer (Fig. 6) , which is dictated by the change in the phase composition (formation of intermetallic inclusions and surface carbonitrides and zirconium oxide) and dispersion of the structure. The maximum microhardness after the impact is about 8 GPa, whereas it does not exceed 4 GPa in the initial sample. With the increase in the annealing temperature, the microhardness of the alloyed layer decreases. Starting from the annealing temperature of 400°С, the microhardness within the alloyed layer becomes equal to the microhardness of the initial steel (the indentation depth is about 4.5 μm), which may be connected with the annealing of the structure, although we were unable to follow the change in the granular structure on the basis of the scanning electron microscopy and X-ray diffraction analysis. Comparing Figs. 1b and 2e, we may come to the conclusion that coagulation of intermetallic precipitations within the range of temperatures starting from 600°С is insignificant and this effect will not influence the microhardness. In contrast to the volume of the alloyed layer, the change in microhardness in the surface layer (the indentation depth is about to 2 μm) within a high measurement error is due, first of all, to the developed surface roughness of samples after plasma impact, which does not make it possible to reliably ascertain the microhardness behavior depending on the annealing temperature. In addition, the scale layer will influence the value of the microhardness of the near-surface layer at 600°С. CONCLUSIONS It is shown that the impact by one pulse of compression plasma flows on the system Si/Zr/steel leads to the formation of a surface alloying layer with the thickness up to 8.5 μm. The alloyed layer contains the intermetallic Fe 2 Zr. The presence of nitrogen as the plasma-forming gas as well as oxygen in the residual atmosphere of the vacuum chamber results in the formation of carbonitride and oxide of zirconium in the surface layer of steel. The microhardness of the alloyed steel by a factor of two exceeds the microhardness of the surface layer.
The alloyed layer possesses higher resistance to atmospheric oxidation as compared with the initial steel. It was found that formation of the iron oxide on its surface takes place at 600°С, whereas in the initial sample of steel the oxide was found at 400°С. The lowtemperature modification ZrO 2 with the monoclinic crystal lattice was registered in the alloyed layer at 400°С. This effect is accompanied by the decrease in the volume ratio of the phases Zr(С, N) and ZrO 2 with the cubic crystal lattice.
The increase in the annealing temperature leads to the decrease in microhardness. The microhardness value within the alloyed layer at 400°С becomes equal to the microhardness of the initial steel, which may be connected with the annealing of the structure.
